The Pampean flat-slab segment in the southern Central Andes represents an ideal setting at which to investigate how changes in the tectonic configuration of a subduction zone (convergence angles and rates, seamount subduction and shallowing slab angle) affects the recycling of subducted components to arc magmas. To constrain sources, particularly of slab-derived fluids and their contribution to arc magmatism, boron isotope and select major and trace element compositions were determined for pyroxene-and zircon-hosted melt inclusions obtained from a suite of Paleocene to Miocene arc magmatic rocks, from the southern Central Andes. Considerable changes in δ 11 B values and boron concentrations are observed with time. Significantly lower δ 11 B values (average = −1.9 ± 2.2h (1σ )) and B/Nb ratios (average = 3.3 ± 1.3 (1σ )) were obtained for melt inclusions from Oligocene arc rocks (∼ 24 Ma) compared to those from the Paleocene (∼ 61 Ma) (averages = +1.6 ± 0.8h and 17.8 ± 1.4 (1σ ), respectively) and the Miocene (∼18 Ma) (averages = +4.7 ± 1.9h and 11.9 ± 5.5 (1σ ), respectively). A slab-derived fluid with a δ 11 B composition of +1.5h, primarily derived from altered oceanic crust on the down-going slab, affected the source of the Paleocene arc magma. The source of the Oligocene arc magmas received less boron derived from the subducting slab ( 1% fluid addition) than the Paleocene and Miocene arc magmas (up to 3.5% fluid addition). This is consistent with a greater depth to the slabmantle interface and is potentially related to the widening of the volcanic arc and more distal position of these samples relative to the trench during this time period. The higher δ 11 B values (up to ∼9h) obtained for the Miocene melt inclusions record an increase in the influence of serpentinite-derived fluids on the source of arc magmas after ∼19.5 Ma. This is approximately coeval with the subduction of the Juan Fernandez Ridge (JFR), suggesting that the oceanic lithosphere associated with the subducting JFR in the Early Miocene was hydrated and serpentinised, similar to the present day ridge. As serpentinisation increases the buoyancy of the slab this finding supports the link between the intersection of the JFR with the Andean margin and the onset of flat-slab subduction.
The Pampean flat-slab segment in the southern Central Andes represents an ideal setting at which to investigate how changes in the tectonic configuration of a subduction zone (convergence angles and rates, seamount subduction and shallowing slab angle) affects the recycling of subducted components to arc magmas. To constrain sources, particularly of slab-derived fluids and their contribution to arc magmatism, boron isotope and select major and trace element compositions were determined for pyroxene-and zircon-hosted melt inclusions obtained from a suite of Paleocene to Miocene arc magmatic rocks, from the southern Central Andes. Considerable changes in δ 11 B values and boron concentrations are observed with time. Significantly lower δ 11 B values (average = −1.9 ± 2.2h (1σ )) and B/Nb ratios (average = 3.3 ± 1.3 (1σ )) were obtained for melt inclusions from Oligocene arc rocks (∼ 24 Ma) compared to those from the Paleocene (∼ 61 Ma) (averages = +1.6 ± 0.8h and 17.8 ± 1.4 (1σ ), respectively) and the Miocene (∼18 Ma) (averages = +4.7 ± 1.9h and 11.9 ± 5.5 (1σ ), respectively). A slab-derived fluid with a δ 11 B composition of +1.5h, primarily derived from altered oceanic crust on the down-going slab, affected the source of the Paleocene arc magma. The source of the Oligocene arc magmas received less boron derived from the subducting slab ( 1% fluid addition) than the Paleocene and Miocene arc magmas (up to 3.5% fluid addition). This is consistent with a greater depth to the slabmantle interface and is potentially related to the widening of the volcanic arc and more distal position of these samples relative to the trench during this time period. The higher δ 11 B values (up to ∼9h) obtained for the Miocene melt inclusions record an increase in the influence of serpentinite-derived fluids
Introduction
Convergent margins with shallow subducting angles (i.e., <10 • at ca. 100 km depth), often referred to as 'flat-slab zones', are frequently linked with an absence of active arc volcanism (Gutscher et al., 2000) . Variations in the subduction angle of the Nazca plate beneath the South American continent has resulted in the segmen-slab (Cahill and Isacks, 1992) ; and (3) the trench-ward motion of the thickened Andean lithosphere (Manea et al., 2012) . The intersection of the JFR with the Central Andean margin coincides with the location of the current flat-slab segment (Anderson et al., 2007) . The JFR originates from a narrow mantle plume and is suggested to have begun intersecting the Andean margin at ∼20 Ma, migrating south along the margin at a rate of ∼200 km/Ma to its current position at 32.5 • S (Yañez et al., 2002) .
Geophysical evidence suggests the current oceanic lithosphere associated with the JFR has been strongly hydrated and serpentinised (Kopp et al., 2004; Marot et al., 2013) . Serpentinisation of the oceanic mantle lithosphere is an important mechanism for generating increased buoyancy in the subducting plate and hence can account for the development of flat-slab subduction (Kopp et al., 2004) . Whether the oceanic lithosphere associated with the JFR has always been serpentinised, and whether this caused the development of flat-slab subduction in the southern Central Andes during the Early Miocene remains unclear.
In this study we address these outstanding uncertainties by using specific geochemical tracers present in arc magmatic rocks (boron concentrations and isotope ratios) to identify the subduction and dehydration of serpentinite at sub-arc depths. In addition we examine how the contributions of other slab components (altered oceanic crust (AOC), oceanic and continentally derived sediments) to the source of arc magmas have changed with the altering geodynamic setting.
Boron (B) concentrations and isotope ratios have been identified as sensitive indicators of subducting slab components in arc magmatic rocks (e.g., Palmer, 1991; Rosner et al., 2003; Tonarini et al., 2011) . Volcanic rocks from both island and continental arcs have much higher B concentrations than MORB, and high ratios of B over incompatible, fluid-immobile elements (e.g., B/Nb, B/Zr), compared to other tectonic settings (e.g., intra-plate volcanism; Ryan et al., 1996) . The high concentration of B in comparison to other incompatible, but fluid-immobile elements suggest that the B must be derived from fluids released from the subducting slab, rather than resulting from partial melting or fractional crystallisation.
Generally positive δ
11 B values have been reported for volcanic arc rocks, for example from the Izu (Straub and Layne, 2002) , Kurile (Ishikawa and Tera, 1997) , Lesser Antilles (Smith et al., 1997) , Mariana (Ishikawa and Tera, 1999) , South Sandwich (Tonarini et al., 2011) and Kamchatka (Ishikawa et al., 2001 ) arcs, with a decrease in B concentrations and δ 11 B values observed from the arc front to the back-arc (e.g., Ishikawa and Tera, 1997; Leeman et al., 2004; Rosner et al., 2003; Ryan et al., 1995) reflecting the decrease in fluid flux during increased subduction of the slab and the preferential release of 11 B to slab derived fluids.
Here we present boron isotope and select major and trace element compositions of pyroxene-and zircon-hosted melt inclusions for Cenozoic arc magmatic rocks from the southern Central Andes. Melt inclusions were analysed as they are protected by the surrounding host phenocryst phase from the effects of post depositional alteration, such as hydrothermal alteration (common at this locality; e.g., Bissig et al., 2001) , as well as from late stage processes occurring in the melt during magma ascent (e.g., Schiano, 2003; Schmitt et al., 2002; Sobolev, 1996) . The obtained melt inclusion data is combined with U-Pb and Ar-Ar ages (Jones, 2014) to constrain changes in the influence of the subducting slab on the source of southern Central Andean arc magmas with time, and to evaluate the potential causes of flat-slab subduction.
Geological setting
The study area is located between 29.5 and 31 • S in the Pampean flat-slab segment of the southern Central Andes and spans the Principal and Frontal Cordillera of Chile and Argentina (Fig. 1) .
Subduction of oceanic crust beneath the South American plate has been active since the Jurassic and has produced a series of volcanic arcs (e.g., Charrier et al., 2007; Ramos et al., 2002; Stern, 2004) . Convergence rates and the relative plate motions between the oceanic (Farallon and Nazca) and South American plates have changed over time (Somoza and Ghidella, 2012) (Fig. 2) . Convergence rates between the oceanic Farallon and the South American plate are thought to have been relatively slow during the Paleocene (∼5 cm/yr), with an increase in the Mid Eocene to rates of ∼8 cm/yr (Somoza and Ghidella, 2012) . This convergence rate is suggested to have remained fairly constant between the Mid Eocene and Late Oligocene, with the Farallon plate being subducted in a north-easterly (NE) direction (Pardo Casas and Molnar, 1987; Pilger, 1984; Somoza and Ghidella, 2012) (Fig. 2) . The oceanic lithosphere being subducted during this time interval was most likely Late Cretaceous in age (Somoza and Ghidella, 2012) and subducting at a normal angle (>30 • ) (Ramos and Folguera, 2009) .
A significant change in the tectonic configuration of the Andean margin occurred during the Late Oligocene (∼ 25 Ma) due to the break-up of the Farallon plate into the Nazca and Cocos plates (Lonsdale, 2005) . This resulted in both an increase in convergence rates (up to ∼15 cm/yr) and a change in convergence direction from oblique (NE-SW) to orthogonal (ENE-WSW) (Pardo Casas and Molnar, 1987; Somoza, 1998) (Fig. 2) . The westward migration of the South American plate is also thought to have been initiated after ∼30 Ma (Silver et al., 1998) . This reconfiguration has been linked to a period of major uplift, increased magmatic activity, and a broadening of the magmatic arc (Pilger, 1984) . The high convergence rates were sustained up until ∼ 20 Ma, and followed by a gradual decline to present day values (∼7 cm/yr) (Pilger, 1984; Somoza and Ghidella, 2012) . It is suggested that progressively older, Late Cretaceous oceanic lithosphere, originating from the Farallon-Phoenix spreading ridge, was subducted along the South American margin between ∼24 and ∼16 Ma (Somoza and Ghidella, 2012) .
Shallowing of the Nazca plate in the southern Central Andes (∼28-33 • S) to an angle of ∼10 • at ∼100 km depth is suggested to have been initiated ∼18 Ma, as inferred from; (1) the initiation of high angle thrust faulting in the main Andean Cordillera (Maksaev et al., 1984) ; (2) the broadening of the magmatic arc to the east (Kay and Abbruzzi, 1996; Kay et al., 1987 Kay et al., , 1991 ; (3) the termination of back-arc volcanism (Kay and Mpodozis, 2002) ; and (4) the initiation of deformation in the Argentinean Precordillera (Jordan et al., 1993) . The shallowing of the subducting slab over the latter part of the Miocene caused the migration and expansion of the volcanic arc to the east and the eventual cessation of arc volcanism in the Late Miocene (∼6 Ma) (Kay et al., 1987; Ramos et al., 1989; Trumbull et al., 2006) . Hence the temporal and spatial distribution of arc volcanism tracks the changing angle of subduction during this time period.
Sample selection
Samples of Cenozoic arc magmatic rocks were collected from the Principal and Frontal Cordillera of Chile and Argentina between 29.5 and 31 • S (Fig. 1) . A subset of eight samples (Table 1) were selected from a larger suite of samples previously characterised and age dated (Jones, 2014) . The selection of samples for melt inclusion analysis was based on a number of criteria; (1) in order to assess contributions from slab-derived fluids to the source of the arc magmas and limit the effects of crustal contamination the least evolved samples available were selected; (2) from the most mafic samples those containing suitable melt inclusions for analysis, in suitable phenocryst phases, were selected; (3) finally samples were selected in order to cover the time frame of interest (Paleocene-Miocene). Cenozoic plutonic and volcanic rocks in the Central Andes are typically highly differentiated so suitable samples available for this kind of study are limited.
The selected samples are extrusive, ranging in composition from basaltic andesites to dacites (54-67 wt% SiO 2 ) and have mediumto high-K, calk-alkaline compositions (Table 1 ). The samples with basaltic-andesite, andesite and trachy-andesite compositions contain major phenocryst phases of plagioclase + augite ± enstatite and accessory opaques ± zircon ± apatite. The dacitic sample contains major phenocryst phases of plagioclase + biotite + amphibole and accessory zircon, apatite and opaque phases. The eight samples were age dated prior to this study, either by U-Pb dating of zircon or Ar/Ar dating of plagioclase feldspar (Jones, 2014) , and can be divided into three main timeframes: the Paleocene (61.2 ± 1.0 Ma), the Late Oligocene (25.2 ± 0.3 to 23.2 ± 0.3 Ma), and the Miocene (19.3 ± 0.3 to 17.1 ± 0.6 Ma) ( Table 1 ). These ages represent three time periods when the tectonic configuration of the southern Central Andean margin varied (slow, oblique convergence (Paleocene); fast, orthogonal convergence (Late Oligocene); and the initiation of flat-slab subduction (Miocene)). Therefore these samples have the potential to reveal how changes in the configuration of the southern Central Andean subduction zone has affected the recycling of subducted components to arc magmas.
Full details of the sample preparation, analytical methods and data processing can be found in the Supplementary Material.
Results
Full results are presented in Table A6 , Supplementary Material. Boron concentrations obtained from pyroxene and zircon hosted melt inclusions range from 9 to 218 ppm and δ 11 B values range from −5.4 ± 1.6h to +8.6 ± 1.2h (Fig. 3) . The δ 11 B values overlap the range of values previously reported for arc rocks from the Central Andes, whereas the boron concentrations extend to slightly higher values (Rosner et al., 2003; Schmitt et al., 2002; Wittenbrink et al., 2009 ). Boron concentrations obtained for the pyroxene and zircon phenocrysts range between 0.4 and 2.9 ppm. Table 1 Sample information, ages and whole rock compositions. Ages have been determined by U-Pb dating of zircon and Ar/Ar dating of plagioclase feldspar (highlighted by * ) (Jones, 2014) . Sample RF65 is assumed to have the same age as RF62 as they are from the same sample location. Whole rock compositions were determined by XRF analysis (Jones, 2014 No apparent relationship is observed between boron concentrations and δ
B values (Fig. 3).
Boron isotope values, and boron concentrations in certain samples, are highly variable and exceed analytical uncertainties (Figs. 3 and 4) . Some of the apparent intra-sample variations in boron concentrations are attributed to the effects of melt inclusion rehomogenisation (Supplementary Material), but these effects are negated by using trace element ratios (e.g., B/Nb and B/Zr). The observed intra-sample heterogeneity in boron concentrations and δ 11 B values may also reflect real variations due to the trapping of different melt compositions by phenocryst phases which crystallised at different times. For example, variations in the trapped melt compositions may be a result of the assimilation of crustal materials during magma ascent and/or the mixing of magmas with different compositions during progressive crystallisation.
Limited effects of differentiation
There is no observable correlation between boron concentrations, isotope ratios and the degree of magmatic differentiation (Fig. 4) , and values obtained for melt inclusions trapped in different mineral phases, from the same sample, lie within analytical uncertainty ( Fig. 3 and Table A6 , Supplementary Material). This suggests that the phenocryst phases are trapping melts with the same boron concentrations and isotopic compositions, despite the fact that they may have crystallised at different times during magma differentiation. This combined evidence suggests that magma differentiation has a negligible effect on the 11 B/ 10 B ratios trapped in silicate melt inclusions, in line with other studies (e.g., Ishikawa and Tera, 1997; Ishikawa et al., 2001) . On this basis, the boron compositions obtained for zircon-hosted melt inclusions, which are present in two of the more evolved samples, Z27 (dacite) and MQ153 (andesite), are presented and interpreted alongside the data obtained from pyroxene-hosted inclusions.
Trace element ratios and δ

B values as a function of age
The most striking feature of the dataset are the variations in trace element ratios and δ
11 B values as a function of sample age.
There are significant differences in B/Nb and δ
B values between
samples from different time periods (Fig. 5) . Boron isotope values obtained for the Paleocene sample (RJ1111 (∼61 Ma)) range between +0.7 ± 0.9h and +3.7 ± 1.2h and are accompanied by relatively high B/Nb ratios of between 15.6 and 20.7. Melt inclusions from the Late Oligocene samples (∼25-23 Ma) show generally negative δ 11 B values between −5.4 ± 1.6h and +0.9 ± 1.7h and low, tightly grouped B/Nb ratios of between 1.5 and 5.7. Boron isotope values obtained for melt inclusions from the Miocene samples (∼19-17 Ma) are positive and range between +0.6 ± 1.0h and +8.6 ± 1.2h, with B/Nb ratios ranging from 4.4 to 36.3 (Fig. 5) .
Discussion
The large, time-dependent range in boron isotopic compositions obtained for the southern Central Andean arc magmas suggests temporal changes in the sourcing of boron, which can be explained by the following scenarios: (1) the melt source regions were affected by fluids derived from different sources; (2) the melt source region received less fluids derived from the subducting slab due to the slab being at greater depth beneath the arc and therefore more dehydrated; and/or (3) the ascending arc magmas assimilated different volumes of Andean continental crust. These scenarios will be evaluated based on boron isotope and trace element systematics of the melt inclusions within the framework of concurrent temporal changes in subduction parameters of the Andean margin during the Cenozoic. 
Potential sources of boron in southern Central Andean arc magmas
Boron sources which may contribute to arc magmas include the depleted mantle wedge, serpentinised peridotite from oceanic lithosphere or mantle wedge, altered oceanic crust (AOC), subducted sediments, and the continental crust, all of which have varied boron contents and boron isotope compositions. The Andean mantle wedge is considered to have a similar composition to that of MORB-source mantle (Lucassen et al., 2002 ) which has very low boron concentrations of ∼ 0.05 ppm with a δ 11 B value of −4.0h (Chaussidon and Marty, 1995) . Therefore melting of the mantle wedge contributes negligible boron to primary arc magmas and has little impact upon their δ 11 B compositions.
Crustal contamination and assimilation processes have previously been invoked in the petrogenesis of Central Andean arc magmas (e.g., Davidson and de Silva, 1992; Hildreth and Moorbath, 1988; James, 1982) . Oxygen and hafnium isotopic signatures obtained for zircons present in Late Oligocene-Miocene arc samples from the Pampean flat-slab segment, along with the presence of inherited zircon cores, suggests that some of the arc magmas have been contaminated via assimilation of the Late Palaeozoic-Early Mesozoic basement (Jones, 2014 ). An average boron concentration of 43 ppm and a δ 11 B value of −8.9 ± 2.3h has been reported for the Palaeozoic and Mesozoic Central Andean basement (Kasemann et al., 2000) , which overlaps with the estimated average range of global continental crust (−8 to −13h; Chaussidon and Albaréde, 1992) . Consequently, crustal contamination of mantle-derived arc magmas would lead to comparably negative boron isotope compositions, relative to the mantle. Mafic portions of the oceanic crust have low B contents when formed, but due to hydrothermal interaction with seawater (∼4.5 ppm B with δ 11 B = +39.5h; Spivack and Edmond, 1987) , altered oceanic crust has considerably higher B concentrations (>1 to 69 ppm) and δ 11 B values (∼0 to +9h) (Smith et al., 1995; Spivack and Edmond, 1987; Yamaoka et al., 2011 Yamaoka et al., , 2012 . Progressive metamorphic devolitisation of the oceanic crust during subduction releases boron, and preferentially 11 B, into slab-derived fluids (King et al., 2007; Moran et al., 1992; Peacock and Hervig, 1999) . Therefore fluids released from the slab become isotopically lighter and contain less boron as the oceanic crust is subducted to greater depths. Subducting sediments have highly variable boron concentrations and isotope ratios (Ishikawa and Nakamura, 1993) , reflecting variable proportions of continental detritus with negative δ 11 B values (30 − >100 ppm B and δ 11 B = −8 to −13h), and pelagic sediments with positive δ 11 B values (1-150 ppm B and δ 11 B = +2.1 to +26.2h). The composition and quantity of the sediment entering the sub arc region in the southern Central Andes is difficult to estimate and is likely to have changed over the course of the Cenozoic due to a wide range of factors including climate, productivity, erosion rates, sediment routing and levels of sediment accretion. The Central Andean margin is currently non-accretionary (Von Huene and Scholl, 1991) and high levels of subduction erosion have been proposed for the Cenozoic (e.g., Goss et al., 2013; Kay et al., 2005; Rutland, 1971; Stern, 1991) . It is suggested that the majority of sediment currently present in the Chile trench is derived from the South American continent (Kilian and Behrmann, 2003; Scholl et al., 1970; Kulm, 1987a, 1987b) . Therefore the subducting sediments are likely to have a negative boron isotope value reflecting that of the Central Andean basement (−8.9 ± 2.3h; Kasemann et al., 2000) and continental detritus (−8 to −13h; Ishikawa and Nakamura, 1993) .
A final potential source of B in subduction zones is serpentinised peridotite, either in the oceanic crust (abyssal peridotites), the ocean lithospheric mantle, or the mantle wedge. As serpentinite can contain >13 wt% H 2 O, its breakdown has the potential to release large quantities of water into the mantle wedge (e.g., Rüpke et al., 2004; Spandler and Pirard, 2013) . The breakdown of serpentinite mineral phases into forsterite and enstatite occurs at temperatures of ∼650 • C (Ulmer and Trommsdorff, 1995; Wunder et al., 2001) , which in the majority of subduction zones corresponds to depths beneath or behind the arc (e.g., Syracuse et al., 2010) . During serpentinisation, boron and preferentially 11 B is added to peridotite, resulting in positive δ 11 B values (δ 11 B = +8.3 to +12.6h) and high boron concentrations (50-81 ppm) (Spivack and Edmond, 1987) . Even heavier δ 11 B values ranging between +29.6 and +40.5h have been reported for highly serpentinised, spinel harzburgites from the Mid-Atlantic ridge (Vils et al., 2009 ). The degree of hydration and serpentinisation of the oceanic lithosphere is influenced by the rate of seafloor spreading; at slow spreading centres this process is thought to be more significant than at fast spreading centres (Escartín et al., 1997; Francis, 1981; Iyer et al., 2010) . Transform faults (e.g., Hekinian et al., 1992; Melson and Thompson, 1971) , faulting associated with the development of seamount chains (e.g., Kopp et al., 2004) , and deep normal faulting of the outer rise before the oceanic plate enters the trench (e.g., Ranero et al., 2003; Ranero and Sallarès, 2004) are important pathways for hydrating and serpentinising the oceanic lithosphere away from spreading centres.
The boron composition of serpentinites present in the oceanic lithosphere are also likely to change with depth, depending on the temperature and pH conditions. Due to low temperature (<200 • C 
Source variations with time
In order to quantify the contribution of different potential sources to the composition of southern Central Andean arc magmas, multi-component mixing models have been generated following the methods of Marschall et al. (2008) Table 2 . A ratio of 90:10 is assumed for AOC and sediment. Bulk mixing lines between the average compositions for the Paleocene and Miocene samples and the average Andean crust (Kasemann et al., 2000) and composite fluid mixing lines (dashed) are also shown.
Table 2
Parameters used in mixing models. Data sources: a. Chaussidon and Marty (1995) represented by a 7 km thick mafic crust and a 1.3 km thick layer of sediments (cf. Syracuse et al., 2010) ; and the partially serpentinised ultramafic portion of the subducting oceanic lithosphere. In addition to these fluid sources the overlying Andean continental crust is considered as an additional potential boron source. The boron isotopic composition of AOC at 30 km depth is assumed to be −6h based on natural samples of the subducting slab recovered from the Mariana fore-arc (Pabst et al., 2012) . This value was used to avoid uncertainties involved with shallow fluid release.
The δ 11 B composition used for serpentinite is the +10h value reported by Boschi et al. (2008) for abyssal serpentinites. The starting value used for sediment in the model is −8h at 20 km depth and evolves to −15h at 90-120 km depth due to the preferential release of 11 B into slab-derived fluids (cf. Section 5.1). In order to account for the reduction in both δ
11 B values and the concentrations of boron in slab-derived fluids with progressive heating and dehydration of the slab, dehydration of the subducting slab has been modelled in 10 km intervals starting at 20 km depth using the T550 thermal parameters for the Central Chile arc section (Syracuse et al., 2010) combined with the dehydration depths estimated from van Keken et al. (2011) . Sediment dehydration was modelled using slab top temperatures, whereas AOC was modelled using a temperature profile interpolated between slab top and the Moho (Syracuse et al., 2010) in order to reflect the lower temperatures present in the interior of the oceanic crust (Fig. A7 , Supplementary Material). Total amounts of fluid released from sediment and AOC are 5.6 wt% and 5 wt% H 2 O, respectively (Fig. A8 , Supplementary Material). Due to the expulsion of pore waters, low grade metamorphism, and the mobilisation of volatiles from subducting sediments at shallow depths (prior to ∼40 km) (Peacock, 1990; Savov et al., 2007; You et al., 1995 You et al., , 1996 , alongside the hot nature of the Central Andean subduction zone (Syracuse et al., 2010) , the subducting sediment has already lost 98% of its associated fluid by the time it reaches 90-120 km depth (i.e., sub-arc depths) (Fig. A8, Supplementary Material) . Therefore the composition of the subducting sediment plays a very minor role in modelling the composition of arc magmas. As opposed to continuous dehydration of AOC and sediment, serpentinite dehydrates at temperatures of ∼650 • C (although some B may be lost during the lizardite-antigorite transition; e.g., Vils et al., 2011) , which according to the Central Chile temperature profile occurs right beneath the arc at the top of the ocean mantle lithosphere (Syracuse et al., 2010) . As this is the coldest part of the slab, ultramafic portions of the oceanic crust will have released their fluids at shallower depths. (Fig. 6) , suggesting a relatively homogeneous boron source in this instance.
Paleocene; evidence for a homogeneous slab-derived fluid
The δ
11 B values are too high to be accounted for by the addition of boron derived from the existing Andean continental crust, for which negative δ 11 B values have been obtained (Kasemann et al., 2000) (Fig. 6) . This is consistent with other lines of evidence which suggest that the Paleocene arc magmatic rocks from the Principal Cordillera of Chile, assimilated very little (<5% bulk) Andean continental crust on route to the surface (e.g., Jones, 2014; Parada et al., 1988) . This implies that virtually all the boron present in this sample must be derived from subducting components.
No individual fluid source in our model has a δ 11 B value similar to that obtained for the Paleocene sample (approximately +1.5h), as AOC + sediment-derived fluids have δ 11 B values <0h at relevant slab depths (i.e., >90 km), whereas serpentinite-derived fluids have much higher δ 11 B values (up to +10h) (Fig. 6) . Therefore, the boron-containing fluids affecting the sub-arc mantle are most likely a mixture derived from these different subducting components (serpentinite, AOC and sediments). Our mixing calculations
indicate that the addition of ∼3.5% fluid to the source of the arc magma with approximately 80-90% derived from AOC (and sediments) and 10-20% derived from dehydrating serpentinite, could account for the boron compositions obtained for the Paleocene sample (Fig. 6 ). (−5.4 to +0.9h) than the basement (−8.9 ± 2.3h) (Kasemann et al., 2000) . The low boron concentrations (high Nb/B ratios) of most of the Oligocene arc volcanic rocks could potentially be explained by the contamination of arc magmas with Paleozoic-Mesozoic Andean crust. However, if the source of the arc magmas was being influenced by slab-derived fluids with a similar boron composition to those affecting the sub-arc mantle in the Paleocene example, assimilation of very large volumes (>50% bulk assimilation) would be required to explain the majority of the δ 11 B and Nb/B values (Fig. 6 ). Thermal limits render that the assimilation of this quantity of felsic crust by mantle-derived melts inconceivable (Reiners et al., 1995) . This high degree of crustal contamination is also inconsistent with the levels of crustal assimilation suggested by the oxygen and hafnium isotopic composition of magmatic zircon obtained for these samples (5-15%) (Jones, 2014) . These samples lack any evidence for inherited zircon, as demonstrated by consistent U-Pb ages and isotopic compositions, combined with the lack of any apparent xenocrystic zircon cores from cathodoluminescence imaging, which might be expected for volcanic rocks which have assimilated large volumes of older, felsic crust (Jones, 2014) . Additionally, no signification correlation is seen between melt inclusion and whole rock SiO 2 contents and δ 11 B values in these samples (Fig. 4) , which might be expected with progressive crustal assimilation. Overall this implies that whilst the progressive assimilation of continental crust could account for some of the intra-sample variation in δ 11 B values and TE ratios, that the Oligocene arc magmas must have also received contributions of boron from slab-derived fluids, but with a different composition to those influencing the melt source region at ∼61 Ma. This could either be a result of a change in the relative proportions, or compositions, of the subducting components and/or a change in the depth to the top of the slab beneath the arc. The amount of slab-derived fluid added to the source of the Oligocene arc magmas appears reduced ( 1% fluid addition) in comparison to the source of the Paleocene arc magma (Fig. 6 ). This reduction in fluid contribution, as well as the change in the boron composition of the slab-derived fluids, may be related to changes in the configuration of the Andean margin and the volcanic arc during the Late Oligocene. During this time interval (after ∼25 Ma) convergence rates between the Nazca and the South American plates increased to a rate of ∼15 cm/yr and the angle of convergence became more normal with the Andean margin (Lonsdale, 2005; Pardo Casas and Molnar, 1987; Somoza, 1998; Somoza and Ghidella, 2012) . These increased convergence rates are thought to have resulted in thickening of the continental crust in the northern Central Andes (Isacks, 1988; Oncken et al., 2006) but are suggested to have led to a more extensional regime in the southern Central Andes (Jordon et al., 2001) . As a result the magmatic arc broadened in the southern Central Andes (Pilger, 1984) and there is coeval back-arc volcanism (Litvak and Poma, 2010; Ramos et al., 1989) . This implies that arc magmatism during the Late Oligocene had a wide across-arc extent and is likely to have been emplaced over a wide range of depths to the slabmantle interface. Several studies have shown that across arc variations in boron abundance and isotopic composition of arc magmas can be related to the depth of the Wadati-Benioff Zone (WBZ), with the heaviest δ 11 B values and the greatest B enrichment observed in magmatic rocks from the arc front and decreasing values towards the back arc (e.g., Ishikawa and Tera, 1997; Ishikawa et al., 2001; Leeman et al., 2004; Rosner et al., 2003; Ryan et al., 1995) . This has been related to the progressive metamorphic devolatisation and the reduction in fluids coming off the slab as it descends into the mantle, alongside the preferential release of 11 B over 10 B into these slab-derived fluids (King et al., 2007; Peacock and Hervig, 1999) . In the Andean Central Volcanic Zone (22-27 • S, i.e. north of the Pampean flat-slab region) boron concentrations and δ
Oligocene: a broad magmatic arc
B values
decrease with increasing depth to the WBZ (Rosner et al., 2003) . were obtained for Quaternary volcanic rocks located in the back arc, where depths to the WBZ range from 123 to 152 km (Cahill and Isacks, 1992) . These values are very similar to those obtained for our Oligocene samples. Using the Andean Central Volcanic Zone as a comparable geological setting to the southern Central Andean margin during the Late Oligocene (i.e., prior to slab shallowing), we suggest that the Tilito Formation was emplaced over a greater depth to the WBZ than the Paleocene arc magmatic rocks, and that the lower δ 11 B and higher B/Nb ratios reflect decreasing fluid flux from the slab with progressive dehydration (Fig. 7) . This is consistent with a low fluid contribution ( 1%) in the mixing model (Fig. 6 ). Evidence from whole rock geochemistry also suggests the most eastern extent of the Oligocene Tilito Formation, located in the Frontal Cordillera of Argentina, may have been emplaced in a more extensional setting (Jones, 2014; Winocur et al., 2014 of crustal boron than the Miocene arc magmas, which are shown to have received a greater addition of boron from slab-derived fluids (Section 5.2.3).
Miocene: subduction of a seamount chain
Similarly to the values obtained for the Oligocene samples the Nb/B and δ
B values obtained for the Miocene melt inclusions
do not define a simple mixing trend and show significant scatter (Fig. 6 ). Several lines of evidence suggest that these Miocene arc magmas have been affected by crustal contamination during migration through the Andean continental crust (e.g., Jones, 2014; Kay et al., 2005; Litvak et al., 2007) . Oxygen and hafnium isotopic variability of zircons from the Miocene samples 1026 and RF62 suggests the mantle-derived melts assimilated between 5 and 15% Palaeozoic-Mesozoic crust on route to the surface, a similar amount to the Oligocene arc magmas (Jones, 2014) . Hence, progressive assimilation and/or the assimilation of different amounts of Palaeozoic-Mesozoic basement is suggested to account for some of the observed variability in B composition.
However, the positive δ 11 B values (average = +4.7 ± 1.9h) obtained for the melt inclusions from the Miocene samples cannot be accounted for by the assimilation of the Andean continental crust, which has a negative δ 11 B composition (−8.9 ± 2.3h; Kasemann et al., 2000) . These high δ 11 B values indicate a greater contribution of fluids derived from dehydrating serpentinite to the melt source region during the Early Miocene, than during the Paleocene (∼61 Ma) and Late Oligocene (∼24 Ma) (Fig. 6) . Serpentinite is the only conceivable source of heavy boron at sub-arc depths, as fluids derived from AOC, combined with subducting sediments, have a maximum δ 11 B value of −2.6h at a depth of 90 km and even lower at greater depths (Fig. 6) . The mixing models suggest that on average between 20 and 60% of the fluid affecting the Miocene melt source region is derived from dehydrating serpentinite (Fig. 6) . Serpentinite in subduction zones can be present in the subducting oceanic lithosphere as well as in the mantle wedge due to the serpentinisation of mantle peridotite by fluids released from the subducting slab at shallow depths beneath the fore-arc (e.g., Hattori and Guillot, 2003; Hyndman and Peacock, 2003; Straub and Layne, 2002; Tonarini et al., 2011) . Due to the thermal structure of the Central Andean subduction zone (e.g., Syracuse et al., 2010) it is unlikely that fore-arc mantle wedge serpentinites are retained to sub-arc depths, as temperatures in the mantle wedge well exceed the stability limit of serpentinite (ca. 650 • C; Ulmer and Trommsdorff, 1995) . However, the composition and geometry of the subduction interface is complex, with interaction between mafic crust, sediments and mantle wedge peridotite leading to the formation of a highly heterogeneous subduction channel in which hydrous phases such as chlorite can be stable to significantly higher temperatures than serpentine (Marschall and Schumacher, 2012; Ryan and Chauvel, 2014) . On the other hand, the thermal gradient observed across the subducting oceanic lithosphere predicts that serpentinites present in the deep oceanic crust and the top of the oceanic mantle lithosphere dehydrate beneath the position of the Central Chilean arc (Syracuse et al., 2010) . Therefore, the fluids affecting the source of the Early Miocene arc magmas in the southern Central Andes are suggested to be derived from serpentinised oceanic lithosphere, combined with fluids derived from AOC and sediments, and potentially the subduction channel.
Due to increased relative buoyancy, shallow subduction angles are often linked with the subduction of thickened oceanic lithosphere associated with aseismic ridges, seamount chains and oceanic plateaus (Cross and Pilger, 1982; Gutscher et al., 2000; McGeary et al., 1985; van Hunen et al., 2002) . However, only minor thickening of the oceanic crust is associated with the JFR suggesting a limited increase in buoyancy via this process (Kopp et al., 2004) . This is insufficient to account for sustained flat-slab subduction more than 700 km beneath the South American continent (van Hunen et al., 2002) . Hydration and serpentinisation of mantle peridotite leads a reduction in density from ∼3.2 g/cm 3 to ∼2.7 g/cm 3 and is combined with an increase in volume of up to 30%. Therefore serpentinisation is an alternate method of generating increased buoyancy in the subducting oceanic plate. Geophysical evidence suggests that the oceanic crust associated with the current JFR is highly faulted and that the oceanic lithosphere has been affected by hydration and mineral alteration, leading to up to ∼20% serpentinisation (Kopp et al., 2004) . The high δ 11 B values obtained for the Miocene arc rocks are consistent with a highly serpentinised oceanic lithosphere associated with the subduction of the JFR during the Early Miocene. Consequently, our findings support the link between the subduction of the JFR and the development of flat-slab subduction in the southern Central Andes during the latter part of the Cenozoic.
The lower Nb/B ratios obtained for Miocene samples suggests the source of these arc magmas received a greater addition of slab-derived fluids (up to ∼3.5%) compared to the source of the Oligocene arc lavas sampled as part of this study (Fig. 6 ). This suggests the emplacement of these arc magmas over a less dehydrated slab and therefore a shallower depth to the WBZ (Fig. 7) . The combined increase in B concentrations and δ 11 B values could be interpreted as reflecting the emplacement of the arc magmas over a shallower depth to the slab-mantle interface. In order to generate the values obtained for the Miocene melt inclusions the depth to the WBZ beneath the arc would have to be <60 km (Fig. A9 , Supplementary Material). Various lines of evidence have suggested that the initiation of slab shallowing and the associated increase in compression in the overlying Andean crust was not initiated until after 18 Ma (e.g., Jordán et al., 1983; Kay and Abbruzzi, 1996; Kay and Mpodozis, 2002; Maksaev et al., 1984) . Therefore, we consider the high B concentrations and δ 11 B values obtained for the Miocene samples, which range in age between 19.3 and 17.1 Ma, to reflect the initial subduction of the JFR and the associated hydrated and serpentinised lithosphere, rather than a significant shallowing of the slab and decrease in the depth to the WBZ beneath the arc, as this would need time to develop. 
